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oxidative stress, in turn, produces apoptosis in nonncural cells 
(5, 32). This has been proposed. as a mechanism for depletion 
of CD<T T cells in AIDS (1, 21). Because TNF-a acts in a 
neurotoxic, fashion in primary human neuronal cultures. and 

t apoptotic neurons haye been identified in the brains of patients 
with HtV~l encephalitis and dementia, we sought to determine, 
. whether TNF-a could induce apoptosis in neuronal cells. In 
this report, we describe the ability of TNF-a to induce apop- 
tosis and loss of viability in a dose-dependent fashion in ihe 
human neuroblastoma cell line -SK-N-MC if cells were first 

• differentiated to a neuronal phenotype by using retinoic acid 
(RA); undifferentiated SK-N-MC cells were not killed by 
TMf^l We further demonstrate that ROIs are required for ' 
TNF-a-mediated. neuronal apoptosis, since cell death can be 

; ■ blodced by the antioxidant ^-acetylcysteine (NAC). finally, we 
show that overproduction of specific antiapoptotic gene prod- 
ucts (encoded by bcl-2 and crtnA) can protect neuronal qells 
from the TNF-a-rnediatcd cytotoxocity. 



MATERIALS AND METHODS 

Cell culture Human neuroblastoma SK-N-MC cell* were obtained from the 
American Tissue Culture Collection (3) and cultured in plastic tissue culture 
dishes (Corning) without any additional substrates. Cells were grown in a hu- 
midified incubator at 3TC with a 5% air atmosphere. GslU were fed 
every 2 days with complete minimal essential medium and differentiated io a 
neuronal phenotype, as necessary, by addition of 5 u-M RA (Sigma, SL Louis, 
Mq.) Tor 4 to 5 days (this results in morphologic changes, which include the 
development of neurHlc presses, as well as the expression of neuronal mark- 
ers). 

SK-N-MC subclones. To establish SK-N-MC cell lines that over express cnnA 
and pJ«t5 and pJ436 (gift of J. Yuan) (3S) were trtmsfeeted into the 
amphotropic retroviral packaging cell line PA317 (American Type Culture Col- 
lection) (34) by using the Lipofcciamine reagent (Gibco/BRL); ihc control " 
vector pBabePuro (gift of H. Land) (36") was likewise (ransfected into PA317 
celts. Supernatant from transiently inns fee ted PA317 cells was used to infect 
SK-N-MC celts overnight, and resistant cells were then selected in 5 u.g of 
puromycin per nil for approximately 20 days. Resistant colonics were cloned and 
checked for expression levels by using Western blots (immu nob lots). In gene- 
modlficd populations of SK-N-MC cells {bcl-2 or emiA) t cell* Hopped growing 
within L day of RA treatment. Neuronal morphology was also observed with RA 
treatment. 

HIV- 1 Infect inn qf monocytes and pre pari I ion of conditioned media. Mono- 
cytes were recovered from peripheral blood mononuclear cells of HIV* and 
hepatitis B-seronegativc donors after (eukapheresis and purified by cpunicrtur- 
rcnt centrifugal elut nation as previously described (18). Cells were cultured ?s 
adherent monolayers (10* cells per ml in 2d.mn>cliametcr plastic culture wells) 
in Dulbrcto modified Eagle medium (Sigma) with recombinant human macro 
phage colony-stimulating factor (Genetics Institute, Inc.. Cambridge, Mass.) 
(17). The human brain astroglia tumor-dcrived cell line U251 MG was used in 
cocullivaUon assays with HlV- 1 -infected monocytes as described previously (16). 
These cells were grown as adherent monolayers in Dulbccco modified Eagle 
medium (Sigma) supplemented with 20% heal -in activated fetal calf serum (Sig- 
ma) and SO u.g of gentamicin per ml 

Monocytes were exposed to HlV-] AT?A (GcnBank accession n umber -M 60*72) 
(38) at a multiplicity of infection of 0.0 1 infectious virion per target cell as 
previously described (17), The viral macula were Tree of mycoplasma contami- 
nation (Mycoplasma Detection Kit 1 J I; Gene probe, San Diego, Calif,), Macro- 
phage colony-stimulating factor-treated monocytes were cultured as adherent 
monolayers 7 to 10 days prior io use as viral target cells. Under these conditions, 
10 to 2046 of the monocytes were Infected 7 days after HIV -I inoculation, as 
determined by immunofluorescence and in situ hybridization techniques (22). All 
cultures were refed with fresh medium every 2 lo 3 days. Reverse transcriptase 
activity far hl\M was determined in culture fluids as previously described (22). 
Five to seven days alter inreciion and during lite peak of reverse transcriptase 
activity (10 1 cpm/ml) In HI VMnnfectcd monocytes, equal numbers of astroglial 
U251 MG cells were added, and the medium was analyzed for TNF-a by enzyme- 
linked immunosorbent assay (ELISA) as previously described (18). 

Apoptosis assays and TUNEL Immune-staining. The ApopTag peroxidase 
assay kit (ONCOR, Gailhersburg, Md.) was used to detect free 3' -OH ends of 
newly cleaved DNA In situ. In this method, called TUNEL (terminal deoxynudeo- 
tidyUransferasc end labeling). digoxigenln-dUTP is added to 3'-OH ends of 
double- and single-stranded DNA by terminal dcojynucleolidyl transferase. An 
ana'digoxigenin Fab antibody with conjugated peroxidase is then used to immu* 
nostain nuclei that have high concentrations of 3*-OH ends of cleaved DNA. 
tlecausc the ApnpTng antidignxigenin antibody has no Fc portion and has lew 
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than 1% cross-reactivity with other endogenous steroids, nonspecific binding is 
very low. , t , 

. Parallel sections from SK-N-MC cell cultures grown on poly- ^lysine -coated 
cot/erslips were countersiairtcd with methyl 'green (0.5% (wt/voll in 0.1 M sodium 
acetate [pH 4,0]) to label Cells with intact nuclear DNA All experiments with 
ApopTag reagent included a positive control (control neuronal SK-N-MC cells) 
that was Incubated with endonudcasa prior lo assay (DNosc I; 0,0002 U/jJ; ' 
Promega, Madison, Wis.). This treatment nicks DNA In all cells' and gives 
uniformly fDsitm? nuclear aulnlflg In til cell rjfpes present. 

Digitized images of ApopTag^talned-neuronal SK-N-MC cells la ^15 micro 
•copk fields were analyzed for numbers of postowrjr stained nuclei per 50* field 
by using a densitometer (Imaging Research Ontario, Canada). Data were 
expressed as mean of positive nuclei ± standard error of the mean. Tests bf. 
' statistical significance between control and experimental treatments were deter- 
mined by paired r tests. 

AeHdlne orange staining. Cdl suspensions (If/ calls per ml) of either vehicle 
(medium alone) or TNF-a (1 rtg/ml [final concentration). 40 h) were mixed with 
acridine orange (lfJD p.g/ml: Sigma) ar a ratio of 1^5, placed on a microscope 
slide, coverslipped, and examined by fluoresce nee microscopy, using a 40* dry 
abjective. Representative fields were photi^jgraphed tar ertiwiie morphologic 
changes Indicative of apoptosis. • 

Gel electrophoresis of low-maleculomrelghr DNA. SK-N-MC cells treated ' 
with either vehide (medium) or TNF-a (2 pg/ml (final concentration]^ 48 hj were 
•harvested mechanically an<i lysed in 0.5 ml of 0\5% Triton X-I00nS mM Trls (pH 
7.4)-$ mM EDTA ai 4*C for 20 nun. The suspension was then ccntrifuged at 
27,000 x g for 15 min in an SW50.1 rotor (Beckman); the supernatant was ' 
extracted repeatedly with phenoUrhloroform and precipitated in cthanol. The 
precipitates were resuspended In 10 mM Tris-1 mM EDTA digested in 0_S u.g 
of boiled RNase A per ml for 1 h at 3TQ and submitted to electrophoresis 
through 1-8% agarose fallowed by staining with ethidium bromide. 

Cytotoxicity asiajs. 3-(4,5<Dimerhy1thjazQl-2 yl)-2.£diphenyl tctrazof lum bro- 
mide (MTT) assays were performed by a modification of the method of M asm an 
(37). Briefly, viability of SK-N-MC cells grown in 96~wel| plates fe determined by 
conversion Of MTT (Sigma). Reduced MTT is solubilizcd with dimethyl sulfoxide 
as Instructed by the manufacturer, and the color intensity is measured at 490 nm 
with an ELISA reader. In some experiments, cell viability was also assayed with 
SK-N-MC cell cultures containing a M% solution of trypan blue, with blue 
(nonviable) cells and cells excluding trypan blue counted in a hemacytometer 
under phasc<ontrasi microscopy. 

Antibodies and Irtmunnpfiemlsrry, Cell surface levels of TNF receptor 
(CDl20a or TR55) were assessed on SK-N-MC sublines by flow cytometry, using 
a murine anti-human TR55 monoclonal antibody (clone M50; G enzyme). Flow 
Cytometric analysis was performed with a Becton Dickinson FACScan with Lysis 
H software or an EPICS PROFILE flow cyiometer. Cellular cxprettion of bcl-2 
was determined by using a rabbit polyclonal antiserum (Pharmtngen): expression 
of crmA was detected with a rabbit polyclonal antiserum (gift of J. Yuan) by 
Western blotting procedures (ECL system; Amercham). 

Analysis or NF*kB actuation. SK-N-MC cells were grown an six-well plates 
and were trans feci cd with plasm W DNAs [p(kB) 3 conaLUC and pGDMADJ (3. 
38, 46)] by using (he Upofcctamine reagent (Gibco/BRL). Briefly, 2 u.g of DNA 
plus 8 \l\ of Lipofcciamine, in medium, was added lo each well. Cells were then 
intubated for 5 h at 37°C I after which the medium was aspirated and replaced 
with fresh medium containing either RA (5 u.M) or dimethylsu If oxide alone 
(vehicle), After 60 h, cells Wtre harvested fnr Inrlferjue «jays. Twenry.four 
hours prior to hatveai (36 h ofler addition of Ra), exogenous TNF<i (Gcniymc) 
was added to selected cultures at a final concentration of 10 ng/ml. All trBnsfec- 
tions were performed in triplicate, and cell lysates were assayed for luciferase 
activity by using commercially available reagents (Pro mega) in an LK& series 
1250 luminometer. 



RESULTS 

Initial experiments demonstrated thai conditioned media 
from HIV-infected macrophages, activated hy coculturc with 
astroglial cells to produce levels of TNF-a that ranged between 
2 and 6 ng/ml (17), were neurotoxic to cultures of SK-N-MC 
cells differentiated to a neuronal phenotypc with 15 pM RA 
(Fig, J). After a 48-h exposure to conditioned medium from 
' HI V-l -infected macrophages cocuhured with astroglial cells/ 
SK-N-MC neuronal cultures had a 50% decrease in viability 
determined by the MTT assay relative to medium control cul- 
tures. In contrast, conditioned medium from uninfected mac- 
rophages (Fig. 1), uninfected macrophages cocullurcd with 
astroglial cells, or HIV- 1 -infected macrophages alone (data 
not shown) had no significant effect on SK-N-MC neuronal cell 
viability. 

Because recombinant human TNF-a is neurotoxic to human 
feial cortical neuronal cultures in a dose-dependent fashion 
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FIO. 1. Conditioned medium from HIV-I-infcacd monocyte^ grown In the 
presence of asxroglioma cell* is toxic id RA-treated S&N-MC cells, Conditioned 
medium was prepared as described m Materials and Methods ind Applied for 48 
h (1:10 [vol/vol|) to cultures of SK-N-MC cells grown to -75% confluence prior 
to treatment with 5 M-M RA. Conditioned medium from HIV-l-lnfected macro- 
phages was obtained after 24 h of coculture of HIV-l-infected macrophages (7 
days after HIV-1 infection) w|(h U251 astroglial cells. After 48 h, SK-N-MC cells 
were observed for morphologic changes, then medium was removed, and cell 
*iabjliry of adherent SK-N-MC cetls was determined by the MTT assay (eight 
rcplicaies per condition). Values shown arc means from a single representative 
experiment (this experiment was repealed two times* with similar results); the 
standard errors of mean values are marked by bars, and statistical significance 
(indicated by (he asterisk) was taken at the P < 0.01 level. OD 4w nm, optical 
density at 490 nm. 



(13), we investigated whether TNF-a was toxic to undifferen- 
tiated (nonncuronal) or differentiated (neuronal) SK-N-MC 
cell cultures. Viability of undifferentiated SK-N-MC cells was 
unaffected after a 48-h exposure to doses of TNF-a of up to 30 
ng/ml (Fig. 2). In contrast, neuronal SK-N-MC cultures had a 
dose-dependent decrease in viability. 

Having established that TNF-a was toxic to neuronally dif- 
ferentiated SK-N-MC cells but not to control cells, we wished 
to determine the mechanism of TNF-a-mediated cell death. 
Previous studies have shown that TNF-a triggers apoptosis on 
nonneural cells (5, 32). We therefore examined whether expo- 
sure of neuronal SK-N-MC cells to TNF-a likewise resulted in 
apoptosis. TNF-a, at a dose' of 2, ng/ml for 48 h ( resulted in 
fragmentation of DNA into a 180- to 200-bp ladder resolved by 
gel electrophoresis (Fig. 3C). Exposure of neuronal SK-N-MC 
cells to vehicle did not cause any demonstrable DNA laddering 
(Fig, 3C). Exposure of neuronal SK-N-MC cells to 1 ng of 
TNF-a per ml for 24 h, followed by staining of trypsinized cells 
with the fluorescent DNA-binding dye acridine orange, re- 
vealed morphologic hallmarks of apoptosis, including chroma- 
tin condensation and membrane btebbing (Fig. 3B). In con- 
trast, neuronal SK^N-MC cells exposed to vehicle for 24 h had 
evidence of intact chromatin structure, as demonstrated by 
acridine orange staining, without evidence of crescentic chro- 
matin, spherical beading of chromatin, or membrane blebbine ' 
(Fjg.3A). • * 

To determine the time course of apoptosis in neuronal SK- ' 
N-MC cell cultures exposed to 0.2 ng of TNF-a per ml, w c used 
TUNEL staining of free 3'-OH ends of cellular DNA to iden- 
tify cells in situ with large amounts of fragmented nuclear 
DNA (i.c; 4 apoptotic nuclei). Using this method, we detected 
significant numbers of apoptotic nuclei in neuronal SK-N-MC 
cell cultures 8 h (but not 1 or 4 h) after application of 0.2 ng of 
iNF-a per ml which increased to a maximum by 48 h after 
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exposure (data not shown). We therefore examined the rela- 
tionship between neurotoxicity and number of apoptotic nuclei 
in neuronal SK-N-MC cell cultures exposed to increasing doses 
Of TNF-a for 48 h. Figures 4A and B demonstrate an inverse 
proportional relationship between dose-dependent loss of via- 
bility measured by the MTT (Fig. 4A) assay and trypan blue 
exclusion (Fig. 4B) and increasing doses of TNF-a ranging 
from 0.05 to 100 ng/ml in neuronal SK-N-MC cells. Figure 4C 
demonstrates a direct proportional relationship between in- 
creasing number of apoptotic nuclei and Increasing doses of 
TNF-a ranging from 0.05 to 25 ng/ml in neuronal SK-N-MC 
cells. Figure 5 shows neuronal SK-N-MC celk TUNEL stained 
to demonstrate fragmented nudear DNA. Even at low doses of 
m TNF-a (0.05 [Fig. 5B] and 0.2 [Fig. ng/ml), significant 
numbers of nuclei are TUNEL stained Using the TUNEL 
method, we observed no labeling in neuronal SK-N-MC cul- 
tures exposed to vehicle for 48 h (Fig. 4A). 

TNF-a has been shown to mediate intracellular signals at 
least in part via the generation of ROIs (45), which have 
themselves been shown to be neurotoxic (23). Thus, we exam- 
ined whether the antioxidant NAC would prevent TNF-a-me- 
diated cytotysis of neuronal SK-N-MC cells (Fig. 6). NAC at a 
dose of 0,5 mM completely blocked TNF-a-mediated cytotox- 
icity at doses up to 20 ng/ml when coapplied to neuronal 
SK-N-MC cell cultures, as measured by the MTT assay. These 
results were also confirmed when measured by trypan blue 
exclusion (data not shown). 

We also wished to determine whether known inhibitors of 
apoptosis could likewise block TNF-a-mediated neurotoxicity. 
Perhaps the best studied anriapoptotic gene is bcl>2 t which has 
been shown to prevent apoptosis in several neural cell lines in 
response to a wide variety of stimuli, including agents that 
promote formation of free radicals (23). Accordingly, we over- 
expressed bcl-2 in SK-N-MC cells using a retroviral vector (35) 



retlnolc acidl 
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FIG. 2. Dose-depcrtflent toxicity of TOP-* for neuronally dlffertn limed SK- 
N-MC cells but not control cells. Cultures of SK-N-MQ cells were grawp in 
96>wejl plates for 2 days and then treated with cither medium alone or medium 
-toniaining 5 RA for 4 days prior to treatment with increasing doses of 
TNFo Tor 48 h. MTT assays were performed «' Ascribed In Materials and 
Methods (eight replicrtes per datum point). v*| Mes sho*n are. means value! 
i from 4 single represents live experiment (this experiment was related two times, 
with similar results): the 4landard errors of mean values are marked by bars, and 
statistical significance (indicated by asterisks) was taken 31 the P < 0.01 le«cL 
OD« M nm. optical density at 490 nm. 
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FTO. 3. TNF-a induces nudoar condensation In neurbnalty differentiated SK-N-MC cells. (A) SK-N»MC cells grown for 4 days in the presence of 5 p-M Ra, treated 
with medium containing RA far an additional 4g h, CrypsJfrized, stained with acridine orange, and then examined by fluorescence microscopy using a 40X diy objective. 
(B) SK-N-MC cells grtmi for 4 days in the presence of 5 j*M RA, treated *iih TNF-a (1 ng/ml) containing RA for an addiiiona! 48 h f irypsinbeed. s tqined with acridine 
orange, and then examined by fluorescence microscopy using a 40 x dry objective. Note condensed chromatin and membrane Webbing* morphologic Ml m (irks of 
apoptosls. (C) Qtl electrophoresis of low-molecular-welght DNA of 5ION-MC cells grown for 4 days In the presence of 5 yM RA and then treated with medium 
containing RA for an additional 48 h (lane 2), exposed to UV light for 20 mln and then returned to the incubator for 6 h (lane 3. positive control for apoptosis), or 
treated with TNF*a (I ng/ml) containing RA for an additional 4fi h (lane a). Marker lanes 1 and 5 arc X/fftidlll and *X/rfr«U1, respectively. 



and then measured TNF-a-mcdiated neurotoxicity. As antici- 
pated, the cytolytic effects of TNF-a were completely abro- 
gated in a bulk population of M-2-expressing neuronal SK- 
N-MC cells (Fig. 7B). We also derived a clonal subpopulation 
of SK-N-MC cells which expressed high levels of crmA t which 
is a cowpox virus gene product that has also been shown to 
prevent apoptosis in neural cells (11), presumably by suppress- 
ing the activity of interlcukin lp-converting enzyme (35). 
Again, TNF-a, at doses up to 12.5 ng/ml for 48 h, was not toxic 
to neuronal SK-N-MC cells that expressed high levels of crmA 
(Fig. 7B). 

One explanation for the observation that TNF-a is toxic only 
to neuronal SK-N-MC cells, not to undifferentiated cells, is 
that the cellular differentiation triggered by RA is associated 
with an increase inTNF receptors or an alteration in receptor- 
mediated signalling pathways. To address these questions, wc 
first determined by flow cytometry whether RA treatment led 
to elevated expression of the p55 TNF receptor, which is 
largely responsible for the cytotoxic properties of TNF-a (2, 
47). No change was seen in the cell surface level of p5S recep- 
tors in the undifferentiated (non-RA-treated) versus the dif- 
ferentiated (neuronal; RA-treated) SK-N-MC Cells (data not 
shown). We also determined whether RA treatment resullcd in 
a perturbation of TNF signalling in SK-N-MC cells by mea- 
suring one of the downstream products of TNF receptor-me- 
diated stimulation. Thus, wc performed transient transfection 
analyses to quantitatively assess the activation of the cellular 
transcription factor NF-kB in TNF-a*treated SK-N-MC cells. 
To do this, SK-N-MC cells were transfecte'd with an NF-kB 
responsive tuciferase reporter plasmid [p(kB) 3 conaLUC (38)] 
together with an equimolar amount of either pUC19 plasmid 
DNA or an expression construct which encodes a specific in- 
hibitor of NF-kB, JicBa (pGDMAD3 (46)). As expected, 
TNF-a stimulation of SK-N-MC cells resulted in a greatly (17- 
to 18-fold) elevated level of luciferasc expression from 



p(kB) 3 conaLUC (Fig. 8). TNF-a-dependem enhancement of 
luciferasc expression was equally pronounced in both RA- 
treated and non-RA- treated SK-N-MC cells (Fig. 8). Finally, 
this effect of TNF-a was shown to be due to activation of 
NF-kB since it was inhibited by coexpression of IkBo (Fig. 8). 
Thus, differentiation of SK-N-MC cells with RA does not 
change the relative extent of NF-kB activation in response to 
TNF-a. These results suggest that TNF-a-mcdiated neurotox- 
icity and apoptosis are due not to augmented signal transduc- 
tion through TNF receptors but rather to an altered response 
of differentiated neuronal cells to such signalling compared 
with their undifferentiated counterparts. 

DISCUSSION 

The mechanism(s) by which neurons die in HlV-1 enceph- 
alitis remains unclear. Latent infection of neurons by HIV-1 
has been reported in only one study (40) and thus remains an 
unlikely mechanism by which neurons die. However, many 
candidate neurotoxins produced by direct or indirect interac- 
tions between host cells have been studied. These neurotoxins, 
either by themselves or in combination with the neurotrans- 
mitter glutamate, have been shown to be neurotoxic to neurons 
in in vitro culture systems. These include the HIV-1 gene 
products gpl20 (8, 29) and Tat (24, 25), leulcotrlenes and 
lipoxins (18), PAF (16, 18), and TNF-a (13). Wc have previ- 
ously shown that TNF-a alone or in combination with an 
AMPA receptor agonist is neurotoxic to human fetal cortical 
neurons in primary cultures (13). In that report, electron mi- 
croscopic studies of human fetal neurons exposed to low (0.2- 
ng/ml) doses of TNF-a were suggestive but not conclusive of 
some features of apoptosis (chromatin condensation). How- 
ever, it has remained unclear whether TNF-a induces cell 
death by binding and activation of pS5 or p75 receptors ex- 
pressed on neurons or indirectly through receptors located on 
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glial cells or cells of macrophage lineage. Because TNF-d in- 
duces apopiosis in nonncural cells (5, 32), we investigated 
whether TNF-a induces apopiosis in human neuronal cells, 
The human neuroblastoma SK-N-MC cell line was chosen in 
part to determine whether TNF-a is direcily neurotoxic to 
human neuronal cells, since neuronal SK-N-MC cells lack glu- 
tamate receptor subtypes (15). 

Conditioned medium from HIV-1 -infected macrophages ac- 
tivated by coculture with astroglial cells contains TNF-a at 
levels In the nanograms-per milliliter range (18) and is neuro- 
toxic to differentiated (neuronal) SK-N-MC cells (Fig. 1). In 
contrast, conditioned medium from uninfected macrophages, 
uninfected macrophages cocultured with astroglial cells, or 
HIV-l-infected macrophages alone contains roughly 1,000 
times less TNF-a (18) and is not neurotoxic to neuronal SK- 
N-MC cells (Fig. 1 and data not shown). Although HI\M- 
infected macrophages, activated by coculture with astroglial 
cells, express other neurotoxic substances, including PAF, that 
may induce apoptosis in neuronal cells (data not shown), we 
focused on TNF-a's ability to induce apoptosis in neuronal 
cells for the following reasons: activated HIV-l-infecied mac- 
rophage expression of TNF-a is correlated with neurotoxicity 
in primary neuronal cultures (13. 18), and levels of mRNA for 
TNF-a are correlated with dementia in patients with HIV-1 
infection of the central nervous system (50). 

Our data show that TNF-a is toxic (a differentiated neuronal 
SK-N-MC cultures (Fie. 2) but not to control, undifferentiated, 
cells. We therefore investigated whether neuronal cell death 
was the result of apopiosis. Gel electrophoresis of low-molec- 
ular-weight DNA (Fig. 3C) t acridine orange staining of DNA 
(Fig, 3A and B), and TUNEL staining of free 3'-OH ends of 
fragmented DNA (Fig. 5) confirmed by molecular and mor- 
phologic criteria that application of TNF-a in doses that 
ranged from physiologic (0.05 ng/ml) to pharmacologic (s=100 
ng/ml) resulted in neuronal apoptosis. 

The question remained whether TNF-a could trigger apop- 
tosis in neuronal SK-N-MC cells through up-regulation of 
TNF-a receptors or alterations in TNF-mcdiated intracellular 
signalling. Clearly, only SK-N-MC cells differentiated to a neu- 
ronal phenorype ware susceptible to TNF-a-mediated toxicity 
(Fig. 2). However, flow cytometry studies demonstrated that 
p55 TNF receptors were not up-rcgulaled in neuronal SK- 
■ N-MC cells. Likewise, the relative magnitudes of TNF-a-me- 
diated NF-kB activation in neuronal SK-N-MC cells and their 
. undifferentiated counterparts were equivalent (Fig. 8). "These 
results suggest that the neuronal SK-N-MC cell is susceptible 
' to TW-a-mediated programmed cell-death beeause-it is. ter- 
minally differentiated, not because TNF-a-mediatcd signal 
transduction is augmented in neuronal. cells. 

In nonncural ceils, application of TNF-a results in increased 
intracellular levels of ROIs (26, 33) which have been associ- 
ated with oxidative stress-induced apoptosis* Since the thiol, 
antioxidant NAC was able to prevent TNF-a-mediated neuro- 
toxicity (Fig. 6), it is likely that increased formation, or de- 
creased scavenging, of ROIs is important in initiating apoptosis 
in neuronal SK-N-MC cells exposed to TNF-a (5). 



TNFa(nfl/ml) 

' FlO. <' TNF^q-mediated cytolysis 1 in nearonally differentiated SK-K-XC 
cells is dose dependent and associated with an Incase in apopiosis. (a) Dose- 
dependent decrease in viability, a* measured by the MTT assay, for SK-N-MC 
• cells grown for 4 days in ihe presence of 5 *M ftA and (hen treated with TNF-a 
(0.05 to tQO ng/ml). (B) Dose^ependent decrease in viability, at measured by Ihe 
trypan blue dye exclusion assay, for SIC-N-MC cells grown for A days in the 
presence of 5 u.M RA and then (reaied with TNF-a (0.05 to 100 ng/ml). (C) 



Dose-dependent Increase in apdpioUc nudci, identified by TUNEL staining, for 
SK-N-MC cells grown for 4 days in ihe presence of 5 uM RA and then treated 
with TNF-a (0.05 to 25 ngfad) for «n additional 48 h. All MK»ys were performed 
is described in Materials and Methods (eight replicates per datum point). VpIucs 
shown »r* means' from a sine 1 * representative experiment (experiments were 
repealed r*o times, with similar results); the standard error* or mean value* *fc 
marked by bars, and aiaiisiical significance (indicated by asterisks) was taken at 
the F < 0.01 level, OD«w nm, Optical density ul 4JW nra. 
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FIG. 5. TNF-a causes a dase<dependent increase in apoptosb in ncuronally differentiated SK-N-MC cells. (A) TUN EL Naming for SK-N^MC cells grxr»n far A days 
In ihe presence of 5 |tM RA and then treated with vehicle alone far art additional 48 h, (B) TUNEL staining for SK-N-MC cells exposed to TNF«a at a dose of 0,05 
ng/ml for 48 h, (C) TUNEL staining for SK-N-MC cells exposed to TKF^a at a dose of 0.2 ng/ml for 48 h. 



The finding that ovcrexpression olbcl-2 ox CrmA in neuronal 
SK-N-MC subclones was able to completely prevent TNF*<x- 
mediated neurotoxicity (Fig. 7) confirms that TNF-a leads to 
neuronal cell death via an apoptotic pathway. It is noteworthy - 
thai bel'2 "can also prevent necrotic cell death mediated by 
glutathione depletion in at least one neural cell line (23). 
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FIG. 6. TNF-a-mediaied killing of neuronalty different hied SK-N-MC cells 
Is inhibited by addition of antioxidant. MTT assays for cell viability of SK-N-MC 
cell cultures grown for 4 days in the presence of 5 \iM Ra and then treated with 
increasing doses of TNF-a |q the presence or absence of 500 p.M NAC for 48 h 
were performed as described In Materials and Methods (eight replicates per 
datum point). v»ue* shown are means from a single representative experiment 
(this experiment was repealed uvice, with similar results); the standard errors of 
mean values are marked by bora, and statistical significance (indicated by aster- 
isks) was uken at the P < 0.01 level. OD 4Wi nm, optical aensity at 490 nm. 




TNFot (ng/ml) 

FIO. 7. Ovcrexprcsslon of bet -2 and crmA confers resistance to apoptosls 
mediated by TNF-a in ncuronally differentiated SK-N-MC cells. (A) MTT assay 
for cell viability uf a bulk population at purornycln-reslsiam SK-N-MC cells 
transduced with the control retroviral vector pBabePuro (see Materials and 
Methods). Cells *£re grown in the presence or absence of 5 p-M RA for 4 days 
and then exposed ia Increasing doses of TNF-et. (B) MTT assay for cell viability 
of RA -treated 5K-N-MC cells which ovei-ejrpress bci-2 (bulk population of cells) 
or crmA (clonal cell population). In both populations of SK-N-MC cell; (W7 or 
cnttA), cells stopped growing within I day of RA treatment Neuronal morphol- 
ogy was also observed with Ra treatment. Expression of bci-2 or crmA was 
confirmed by Western blotting (data not shown). Values shown nre means from 
a single representative experiment performed in triplicate (this experiment was 
repeated rwice, with similar results): the standard errors of mean values are 
marked by bars, and statistical significance (indicated by asterisks) was taken at 
the /* < 0.01 level. OD 4W) nm, optical density at 4W nm. 
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HO. 8. Neuronal differentiation of SK-N-MC edit does not niter TW-a- 
medlased activation af NF-kB. SK-N-MC cells were Lransfeded with an NF-kB- 
re&ponavc luciferase reporter plasmid [pfkBJ^coruiLUC Q&Y, bars marked 
(fcB)J tn the presence o/aOiM amount of an InBa exprcikioii vetwi (pGM- 
MAD3; bar marked MAD-3) or vector alone (pUC19). Cells were Chen ircaied 
with RA or vehlde (dlmcthylsulfazide) alone for 60 h prior co harvest and 
analysts of luciferase activity. TNF-a (10 ng/rnl) w*« a^ed |o the Indicated 
cultures 24 h prior to harvest. For both neuron ally differentiated (RA-ueaied) 
SK-N-MC cells and iheir undifferentiated (untreated) counterparts, baseline 
levels of luciferase aciivity in cells not exposed to TNF-a were assigned a value 
of 1. Luciferase levels in TNF-a-ttcalcd cells arc expressed relative to thU value. 
Values shenm are means of a single representative experiment which was per- 
formed In triplicate (this was repeated twice, with similar results); the standard 
errors of mean values are marked by bars. 



However, we have shown by TUNEL staining, DNA laddering, 
and acridine orange binding that TNF-a-mediated death of 
neuronal SK-N-MC cells is apoptotic Thus, expression of bcl-2 
in neuronal SK-N-MC cells is able to prevent programmed cell 
death due io TNF-a. Furthermore, since RA treatment in- 
duced growth arrest and neuronal morphology in all gene- 
modified derivatives of SK-N-MC cells, it is unlikely that 
iransfection with bcl-2 or cmiA prevented TNF-a-racdiaicd 
t . apoptosis by preventing differentiation. These findings are con- 
• sistent with findings that bcl~i can prevent TOF-a-medialed 
cytotoxicity in HeLa cells (7) and suggest that it may ultimately 
. be possible to design gene-based strategics to prevent neuronal 
loss in AIDS dementia complex and thereby ameliorate or halt 
this progressive neurodegenerative disorder. The data do not, 
however, reveal the precise molecular basis by which TNF-ci 
triggers neurdnal apoptosis- Although overcxprcssion of cnnA 
in neuronal SK-N-MC cells was apparently as efficacious as 
bcl-2 expression in preventing the dosc-dcpcndcnt cell death 
induced by TNF-a, it is unclear whether crrnA and bcl-2 affect 
the same rnetabolic pathway, i.e., activation of putative death 
■ . genes for intcrlcukin lp-convening enzyme or Tch-1 (48). Fur- 
ther studies will be required to determine the nature 'and 
abundance of pro- and antiapoptotic gene products in TNF- 
a-treated neuronal SK-N-MC cells. One possibility is that ter- 
minally differentiated SK-N-MC cells are vulnerable to oxida- 
. tive stress induced by TNF-a and respond by aberrant 
activation of cyclih Dl (10), 

Interestingly, TNF-mediated neurotoxicity is not seen in 
other experimental systems utilizing neuronal cultures. Cheng 
et al. demonstrated that pharmacologic doses (10 to 100 ngftnl) 
of TNF-a and TNF-0 were protective against TV-mcihyl-D- 
aspanate-mcdiatcd cxciiotoxiciry or glucose deprivation injury 
to rat hippocampal neuronal cultures only when cultures were 
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pretreated 24 h prior io the insult (6). One possible explana- 
tion for this apparent discrepancy is that there is a species 
difference in response. In previous studies of TNF-a-mcdiatcd 
neurotoxicity, we used primary human cortical neuronal cul- 
tures (13). In ihe present study, we used a monoclonal cell line 
derived from a human neural tumor. Another explanation for 
this paradox is that in cellular systems governed by redox 
regulation, opposite biological effects can be obtained depend- 
ing on the level of oxidant stress. For example, nitric oxide can 
both induce and inhibit apoptosis in certain cell types (31, 44). 

With respect to HIV-1 encephalitis and neurologic dysfunc- 
tion, including progressive encephalopathy in children and de- 
mentia in adults, these studies are important for several rea- 
sons. First, only latent infection of neurons by HIV-1 has been 
demonstrated in a single postmortem case (40); hence, soluble 
HIV-induced neurotoxic factors are likely to induce cell death. 
Second, levels of mRNA for TNF-a are elevated in brain tissue 
of adults who had HIV-l-associated dementia (50), Third, 
TNF-a synthesis is markedly elevated b HIV-l-infected mac- 
rophages in vitro upon activation of cells via antigenic stimuli 
or contact with astroglial cells (18). Fourth, apoptotic neurons 

are present at high level* in brain tissues from children Who 
died with HIV-1 encephalitis and encephalopathy, and. these 
cells are located in close proximity to HlV-1 -infected macro- 
phages (14). In the present report, we present a possible ex- 
planation for these seemingly disparate observations by show- 
ing thai TNF-a, a candidate HTV-l-induccd neurotoxin, activates 
programmed cell death in human neuronal celts. We also dem- 
onstrate that this neurotoxicity can be ameliorated by the an- 
tioxidant NAC, and we show that overcxprcssion of bcl-2 and 
crmA can also block this process. These findings suggest novel 
therapeutic approaches to the treatment of neurologic dys- 
function in HIV-1 inFection of the central nervous system. 
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